The nitrogen-vacancy (NV) center occurs in GaAs bulk crystals doped or implanted with nitrogen. The local vibration of nitrogen gives rise to a sharp infrared absorption band at 638 cm −1 , exhibiting a fine structure due to the different masses of neighboring 69 Ga and 71 Ga host isotopes. Piezospectroscopic investigations in the crystallographic ⟨1 0 0⟩ direction prove that the center has C 3v point symmetry, which is weakly perturbed by the isotope effect. The stress-induced shifts of some band components show an unusual non-linear behavior that can be explained by coupling between the isotope and the stress splitting. First-principles density-functional theory calculations are in full accordance with the experiments and confirm the C 3v symmetry, caused by relaxation of the nitrogen atom from the anion lattice site towards the nearest-neighbor Ga plane. The NV center in GaAs is structurally analogous to the same center in diamond. The −3 charge state is most stable for nearly all Fermi-level positions.
I. INTRODUCTION
Nitrogen is of continuing interest as a dopant in GaAs. Renewed research activities have been initiated due to the development of dilute nitrides, in particular of the alloys GaAs 1−x N x and Ga 1−y In y As 1−x N x , with N fractions up to a few percent. 1 The incorporation of nitrogen on the anion lattice site (N As ) leads to a strong narrowing of the band gap of initially 180 meV per percent of nitrogen. There is a great technological interest in these alloys, driven by the search for optimized materials for lasers emitting at 1.3 and 1.55 µm as well as multi-junction solar cells.
2,3
The importance of nitrogen as a luminescent center in GaAs has been first put forward in 1985, when luminescence from isoelectronic N and NN pairs was detected in N doped GaAs layers under pressure 4 , and later by more extensive macro and micro photoluminescence studies. 5, 6 Recently, a nitrogen-related center acting as a single-photon emitter has been reported in nitrogen delta-doped layers in GaAs. These centers might of interest for future quantum information processing.
7,8
These materials issues of N in the GaAs lattice are primarily concerned with isoelectronic substitutional nitrogen. Consequently, detailed theoretical investigations of the formation of isolated N, different NN pairs and N clusters have been carried out. 9 However, interstitial N, complexes of N with Ga and As atoms and with intrinsic defects (interstitials, vacancies) also play an important role in these applications, as evidenced both theoretically and experimentally.
10-12
Nitrogen-related defects in GaAs can be investigated by local vibrational mode (LVM) spectroscopy, due to the small mass of the N atom compared to the Ga and As atoms of the lattice. The isolated substitutional nitrogen atom on anion site, N As , gives rise to a relatively broad unstructured LVM band at 471.5 cm −1 (low temperatures).
13,14
Another LVM band at 638 cm −1 , first tentatively associated with nitrogen impurities due to its appearance in nitrogen-rich crystals 15 , is caused by the N As -V Ga nearest-neighbor pair, the nitrogen-vacancy (NV) center in GaAs. 16 It occurs in both GaAs bulk material doped with a high concentration of N and in N-implanted GaAs layers. The LVM at 638 cm
splits at low temperature into four components due to the mass effect of the different host isotopes 69 Ga and 71 Ga, acting as nearest neighbors of the substitutional nitrogen atom. An empirical valence-force model was given which reproduces the fine structure of the 638 cm −1 -LVM both qualitatively and quantitatively. The analysis is based on a twofold degenerate E (transverse) mode of a trigonal center with C 3v symmetry, weakly perturbed by the different Ga host isotope masses. Finally, it should be mentioned that the related nitrogen-hydrogenvacancy center, incorporating additionally one hydrogen atom, was also investigated by LVM spectroscopy.
17
In this work an extensive study on the atomistic structure, energetics and vibrational properties of the NV center in GaAs is presented. We performed FTIR absorption measurements on the 638 cm −1 -band under uniaxial stress in ⟨1 0 0⟩ direction to get further experimental information on the defect symmetry. Secondly, density-functional theory (DFT)
calculations of the minimum energy configurations in different charge states were carried out to calculate the formation energy and the associated LVM frequencies.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Samples investigated were prepared from a nitrogen-doped GaAs crystal grown by the liquid-encapsulation Czochralski technique. Nitrogen doping was achieved by applying a N 2 gas atmosphere of 70 bar during crystal growth. For uniaxial stress experiments, rod-like specimens with a typical size of 2 mm × 4 mm × 10 mm were cut with alignment of the long axis parallel to the crystallographic [0 0 1] direction. Uniaxial stress measurements up to 0.15 GPa were performed using a home-made push-rod apparatus inside an optical helium cryostat. The force on the mounted sample was provided by a pressure intensifier coupled to the apparatus. The absolute value of stress was set by the nitrogen gas pressure on the low-pressure side of the pressure intensifier, which was monitored by a precision gauge.
Fourier transform infrared (FTIR) measurements were performed with a vacuum instrument (Bruker Vertex 80v), equipped with a potassium bromide (KBr) beam splitter and a liquidnitrogen cooled mercury cadmium telluride (MCT) detector. The absorption spectra were taken with an apodized spectral resolution of 0.08 cm −1 . A wire-grid polarizer in front of the cryostat was used to obtain polarized spectra.
The minimum-energy structures were obtained with the all-electron DFT code FHI- Formation energies were calculated according to
with E f the formation energy, E tot the total energies, µ the chemical potentials, E F the Fermi level referenced to the energy of the valence band maximum E VBM , ∆V the potential alignment, and E corr the charge correction due to finite size of the unit cell. E corr was calculated with the scaling law 25 E f ∼ a /L + c using 216 atomic supercells. a and c are fit parameters and L is the size of the super cell. Charged structures were considered for the charges q/e = −4, . . . , +4, with the lattice constants fixed to the uncharged structure.
µ As was calculated from trigonal metallic As, µ Ga from metallic α-Ga and µ N from the N 2 molecule.
Figures of the atomic structures in this publication are produced with Ovito. 26 Vibrational frequencies were obtained with the utility Phonopy 27 using finite displacements. Isotopedependent vibrational frequencies were calculated by changing the masses in the denominator of the dynamical matrix before solving the eigenvalue problem. The calculated vibrational frequencies (ω calc ) were scaled to the experimental frequencies (ω exp ) with the scaling factor
III. RESULTS AND DISCUSSION

A. Piezospectroscopic experiments
Series of polarized absorption spectra of the 638 cm The line splitting is especially clearly seen in the series of perpendicularly polarized spectra at medium stresses, whereas for parallel polarization this behavior is sometimes obscured by apparent broadening. However, the apparent line broadening as well as the simultaneous increase or decrease of line intensities can in fact be attributed completely to stress-induced splitting. As some lines still have a well-defined resolved line shape (e.g. at 0.15 GPa for the (E ⊥ σ) case), line broadening due to inhomogeneous stress fields inside the specimen occurs only to a minimal extent. From careful spectra analysis we estimate this increased width (FWHM) to about 18 % at highest stresses. Therefore, we assume that in both polarization directions the observed apparent line broadening results from overlapping of stress-split lines. Furthermore, comparison of the matching (E ⊥ σ) and (E ∥ σ) spectra shows that some split components are only partially polarized. Therefore, a clear visual separation and identification of the individual lines is not possible. That is why we started to evaluate the stress-induced splittings by curve-fitting methods, following the theoretical predictions of the piezospectroscopic behavior.
The NV center has four different isotopic configurations due to the different combinations of the nearest-neighbor Ga atoms (TAB. I) as well as four different orientations within the unit cell of the zinc-blende structure (FIG. 2) . 16 Both isotopically pure configurations have C 3v symmetry and a twofold degenerate E mode, whereas both mixed configurations have C s symmetry and two non-degenerate modes of type A' and A". The characteristics of the uniaxial stress effect on non-degenerate states in cubic crystals have been given by Kaplyanskii. 29 The corresponding theory for doubly degenerate states in tetragonal and trigonal centers has been developed and applied to specific cases in Refs. 30-32.
For ⟨1 0 0⟩ stress, the A' and A" modes each split into two branches, due to partial lifting of orientational degeneracy. 29 The relative intensities for polarization parallel and perpendicular to the stress direction depend on the orientation of the dipole vector, given by the angle θ' between this vector and the ⟨1 0 0⟩ stress direction. The general case has been treated in Ref. 32 . The Ga plane of the NV center forms an angle θ = cos
ith the applied stress direction ( see FIG. 2 ). From this angle θ and the the specific isotope configuration, all possible angles θ' are easily calculated. The resulting intensity ratios under polarized light are given in TAB I. For the E mode, theory requires a splitting into two branches, corresponding to its two eigenstates, and thus to a total lifting of its intrinsic degeneracy. The orientational degeneracy is not lifted as all orientations are equivalent with respect to the ⟨1 0 0⟩ axis (FIG. 2) . Intensity ratios are also listed in TAB I.
In accordance with these considerations, the required number of stress-split lines was 
B. Linear and non-linear stress dependencies
For low stresses, the fitted curves resulting from the linear stress dependencies listed in TAB. I are in good agreement with the measured spectra. However, from 0.05 GPa upwards, increasingly significant divergences between fitted and measured lines are obvious in some parts of the spectra (FIG. 3 (a) and (b) ). In both polarization directions, however in particular for parallel polarization, lacking or excessive intensity appears within the adjusted curves. As the integrated absorbance has to be constant for all applied stresses, we must non-linear contribution to the shift.
Thus, a partial failure of the linear line-shift model is evident. Based on the observations mentioned above, these problems must be assigned to the A' and A" modes, originating from the mixed-isotope configurations β and γ. The physical reason behind is the fact that these modes are basically E modes which are split by two weak symmetry-lowering perturbations: (i) the deviation from C 3v symmetry due to the two different Ga isotopes and (ii) the deviation from C 3v symmetry due to the stress in ⟨1 0 0⟩ direction. In the present rotating immediately after applying ⟨1 0 0⟩ stress. As this rotation is a non-linear function of the applied stress, also the frequency shift is non-linear. For both isotopically mixed configurations, the eigenvector rotation continues with increasing stress until finally the lowfrequency mode is orientated perpendicular to the ⟨1 0 0⟩ stress axis (FIG. 5) . Therefore, the stress-induced shift of the non-linear branches approximates asymptotically one of the linear branches, as observable in FIG. 4 , leading finally to equal slopes.
Correlated with the mode eigenvector rotation is a change of the absorption intensity under polarized light because of the corresponding rotation of the electric dipole vector.
To get an estimate of the size of this effect, we compared the simulated and measured line shifts. Thereby we could approximately assign the experimentally applied stresses values to the relative force constant changes in the VFM simulations ( see FIG. 4) .The relative changes of the modified line intensities according to this approach are shown for both polarization directions in FIG. 6 . Theses corrected intensities of the four non-linear A' and A" modes were used to fit the spectra for stresses larger than 0.04 GPa. Fitted spectra are now in satisfying agreement with the measured spectra (FIG. 3 (c) and (d) 
C. First-principles calculations
The starting structure for the DFT calculations was a 63-atom super cell prepared from a zinc-blende structure with 64 atoms by substituting a N atom for an As atom and removing one of the adjacent Ga atoms. The structure was converged without using symmetry con- calculations find that the -3 charge state is prevailing for intrinsic and n-type GaAs. 33, 34 The influence of the isoelectronic N atom obviously is of minor importance.
IV. CONCLUSION
Piezospectroscopic FTIR studies have been carried out on the 638 cm −1 -LVM of the N As -V Ga nearest-neighbor pair in GaAs, the nitrogen-vacancy (NV) center. The LVM originates from the vibrational motion of the N atom perpendicular to the N As -V Ga axis. The statistical occupation of the remaining three nearest-neighbor cation lattice sites with the natural occurring gallium isotopes 69 Ga and 71 Ga leads to different isotopic configurations. In isotopically pure configurations, this (transverse) LVM is twofold degenerate (E mode) and shows for ⟨1 0 0⟩ stress a splitting behavior typical for A → E transitions in centers of C 3v symmetry. In the case of the mixed-isotope configurations (non-degenerate A' and A" modes), the lattice deformation caused by the applied stress interacts with the perturbation due to the isotope anisotropy, because both effects are of the same order of magnitude. The resulting dynamical problem has been simulated with the help of a valence-force model. It is found that in some of the mixed-isotope configurations a significant rotation of the vibrational eigenvector and, consequently, stress-induced nonlinear frequency shifts and intensity changes have to be taken into account. However, including these effects into the analysis of the piezospectroscopic results, a complete agreement between experimentally observed and fitted absorption spectra can be achieved.
DFT calculations on the NV complex in GaAs turned out to match the experimentally predicted C 3v symmetry. The N atom relaxes from the anion lattice site towards a symmetrical position with respect to the three nearest-neighbor Ga atoms. Nitrogen forms strong bonds with these Ga atoms, resulting in a triangular, nearly planar NGa 3 structure. The N-Ga bond length in this minimum-energy structure is close to the value in pure GaN.
Furthermore, calculated formation energies show that the −3 charge state is lowest in energy. The NV complex has no deep defect levels in the band gap. Finally, the calculated vibrational frequency for the transverse mode is very close to the experimental value. The host isotope fine structure is reproduced perfectly. Thereby, frequency calculations further support the identification of the NV complex with the defect responsible for the 638 cm −1 -LVM. Overall, the results from FTIR experiments and DFT calculations in this work are in excellent agreement.
